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TortuosityThe aim of this study was to develop methodologies and experimental procedures to determine textile
parameters required in numerical approaches of heat and mass transfer through textiles. Privileging tech-
niques usually available in textile/clothing laboratories, experimental approaches were deﬁned that
allow to estimate all required parameters, while taking into consideration water presence in the ﬁbres
and hence the effect of ﬁbres hygroscopic properties. Numerical models usually require values of textile
thickness, ﬁbre fraction, and tortuosity, as well as knowledge of the boundary conditions, e.g. convective
heat and mass transfer coefﬁcients. To calculate these parameters, thickness, weight, and volume of tex-
tile samples were measured, whereas convective and textile evaporative resistances were determined by
indirect measurements. Results were obtained for four distinct textile samples (made of wool, cotton, and
a mixture of materials), of different hydrophilic nature. When the obtained parameters were incorporated
in a numerical model and numerical predictions of temperature and humidity were compared with
experimental data obtained during measurements of fabric evaporative resistance, it was shown that
the predictions were accurate; this lends support to the developed methods and approaches.
Since an uncertainty in the measured parameters can compromise the accuracy of numerical predic-
tions, a sensitivity analysis was conducted to study the inﬂuence of deviations in the model input param-
eters and of assumptions regarding water presence in the ﬁbres, on the predictions of heat and mass
transfer rates. The results show that a deviation in textile weight and thickness as well as the assumption
of no water retained in ﬁbres during their characterisation, have a signiﬁcant effect on the predicted heat
transfer and water distribution over time. Moreover, a deviation in the total evaporative resistance, con-
vective evaporative resistance, and sorption rate factor has great inﬂuence on the heat ﬂux obtained in
the initial period of testing.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
In many different activities, clothing is expected to offer
humans the possibility to work comfortably in challenging envi-
ronments. From ﬁre-ﬁghters to cold chamber operators, from fur-
nace technicians to winter sports athletes, all rely on clothing
protective capacity to perform while exposing their bodies to min-
imal thermal burden. This requires the capacity to optimise and
ﬁne-tune clothing properties based on frequently opposing
requirements, i.e. protection and thermal comfort. This, togetherwith an increasing need to shorten development cycles, is steering
clothing manufactures and developers towards the use of numeri-
cal approaches as a way to ﬁne-tune performance according to a
set of goals.
Several works in literature report studies on the heat and mass
transport in textile structures [1–9]. Le et al. [1] and Gibson and
Charmchi [9] used volume-averaging techniques to address the
interaction between heat and mass transfer, and track concentra-
tion and temperature fronts as moisture is transported through
hygroscopic materials. Barker et al. [3] used a similar approach
to analyse the role of moisture transport in the protection offered
by ﬁreﬁghter garments exposed to high intensity thermal
radiation. Fan and co-workers [5–7] studied the heat and mass
Nomenclature
A area [m2]
C concentration [kg m3]
Cp speciﬁc heat [J kg1 K1]
d ﬁbre diameter [m]
Da diffusivity of water vapour in air [m2 s1]
Def effective diffusivity of gas [m2 s1]
Df diffusivity of water in ﬁbre [m2 s1]
hc convective heat transfer coefﬁcient [Wm2 K1]
hm convective mass transfer coefﬁcient [m s1]
k thermal conductivity [Wm1 K1]
L thickness [m]
Le Lewis number [–]
_msv mass rate desorption of water from ﬁbre to the
gaseous phase [kg s1 m3]
MH2O molar mass of water [kg mol
1]
p partial pressure [Pa]
_q heat ﬂux [Wm2]
Q1 enthalpy of water desorption from ﬁbre to the liquid
phase [J kg1]
r ﬁbre radius [m]
R gas constant [J K1 mol1]
Regaineq equilibrium regain kgH2O kg
1
fibre
h i
Regainf(u=65) equilibrium regain for u = 65% kgH2O kg
1
fibre
h i
Regaint instantaneous regain kgH2O kg
1
fibre
h i
Rettextile textile evaporative resistance [s m1]
Rettotal total evaporative resistance [s m1]
Ret0 convective evaporative resistance [s m1]
RetISOtextile textile evaporative resistance obtained according to
standard [m2 Pa W1]
RetISOtotal total evaporative resistance obtained according to
standard [m2 Pa W1]
RetISO0 convective evaporative resistance obtained according
to standard [m2 PaW1]
T temperature [K]
Greek letters
Dhvap water vaporisation enthalpy [J kg1]
e volume fraction [–]
q density [kg m3]
s tortuosity [–]
u relative humidity [–]
Subscripts
a air
amb ambient
bw bounded water
ds dry ﬁbre
ef effective
f ﬁbre
sat saturation
v water vapour
0 initial condition
c gas phase
r solid phase
S.F. Neves et al. / International Journal of Heat and Mass Transfer 81 (2015) 272–282 273transfer across several textile assemblies. They considered differ-
ent assumptions regarding the mechanisms for water transport,
in order to analyse the effect of textile properties and of layers rel-
ative position, on the heat and mass transferred across clothing.
The use of numerical approaches to address the study/optimisa-
tion of clothing performance requires knowledge of parameters
characterising the properties of the textiles (e.g. porosity and tor-
tuosity) and the transport rates of heat and mass across their struc-
ture (e.g. diffusion and convective coefﬁcients). However, the
measurement of some of these parameters is not straightforward
and requires access to complex/expensive experimental facilities
[1,9]. Furthermore, in some of the available literature [1–9], it is
not entirely clear how some parameters are determined (e.g.
porosity, tortuosity) which renders difﬁcult the comparison of
results from different authors and may hamper a faster adoption
of numerical approaches in clothing development activities.
The transport rates across a textile material depend on several
parameters, e.g. thickness of the material, porosity and tortuosity
of the ﬁbre structure, and ﬁbre afﬁnity with water. Two textiles
made of the same type of ﬁbres but with different porosities may
have very different thermal performances. Porosity of a textile is
usually determined by evaluating ﬁbre and textile densities, the
latter being often determined by weighing a speciﬁc volume of tex-
tile [10,11,13–16]. However, depending on the hydrophilic nature
of the ﬁbre, it retains more or less water. For instance, if polyester
is exposed to a humidity of 50%, the equilibrium water content in
the ﬁbre (i.e. its regain) corresponds to 1% of the total mass of dry
ﬁbre [17]. Yet, in the same conditions, wool ﬁbres reaches equilib-
rium with a water content corresponding to 11% of its total dry
mass [17]. Thus, ﬁbre afﬁnity with water inﬂuences textile poros-
ity. This means that the usual methods to determine porosity,
which neglect the present of water [10,11], imply a certain degreeof uncertainty. Given the inﬂuence of this parameter on the heat
and mass transport rates across textiles, it results that a new
method to determine textile porosity considering the water
retained in ﬁbres is needed.
From a transfer point of view, an increase in water retention in
the ﬁbres implies a decrease in the gas fraction and, thus, a
decrease in the thermal resistance [18]. Furthermore, since the
transport of water through the porous network of a textile is
dependent on its complexity, an increasing sinuousness or tortuos-
ity implies slower transport. Expressions relating textile tortuosity
and porosity are reported in the literature [11,12], however, they
refer to speciﬁc textiles and were developed neglecting the pres-
ence of water accumulated in the ﬁbres. Given the mentioned
effect of water retention on textile structure (and hence on its
transport properties), there is a clear need for a new method to
determine textile tortuosity taking into account the water retained
in ﬁbres. This is particularly important to improve the accuracy of
the characterisation efforts that precede numerical approaches on
the heat and mass transport across textiles.
Against this background, methodologies and experimental pro-
cedures were developed to determine the parameters required to
study numerically the heat and mass transfer in textiles, while con-
sidering the presence of water retained in the ﬁbres. Preference
was given to techniques based on equipment usually available in
textile/clothing laboratories to contribute to a wider adoption of
similar approaches in textile/clothing development activities. The
parameters usually required for numerical studies on the heat
and mass transport in textiles (i.e. ﬁbre fraction, tortuosity, and
mass/heat transfer coefﬁcients), were determined through mea-
surements of textile thickness, weight and volume, as well as of
convective and evaporative resistances. Based on the obtained
parameters, a model of the heat and mass transfer through textile
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tal data of humidity and temperature histories obtained during
evaporative resistance tests. The developed model was then used
to conduct a sensitivity analysis on the inﬂuence of the experimen-
tally-determined parameters, and of assumptions regarding water
presence in the ﬁbres, on the numerical predictions of the heat and
mass transport rates through textiles.2. Formulation of the transfer model
A textile can be modelled as a porous material made of ﬁbres,
bounded water in ﬁbres, and gas (air and water vapour). In terms
of volume faction, the following holds,
eds þ ebw þ ec ¼ 1 ð2:1Þ
where eds is the volume fraction of ﬁbres, ebw the volume fraction of
bounded water in ﬁbres, and ec the volume fraction of gas.
Following the formulation described by Gibson and Charmchi
[9], the textile can be seen as a homogeneous medium with two
phases: a gaseous phase (air and water vapour) and a solid phase
(ﬁbre and bounded water in ﬁbres). Furthermore, the bounded
water in ﬁbres can be assumed immobile and in equilibrium with
the water vapour in the pores, and the gas phase behaviour can be
assumed ideal.
Considering the above assumptions [9] and a one-dimensional
approach to the heat transfer along textile thickness, one can
express the conservative energy equation for the textile control
volume by,
qef  Cpef 
@T
@t
þ @
@x
kef  @T
@x
 
þ _msv  ðDhvap þ Q1Þ ¼ 0 ð2:2Þ
where the ﬁrst term represents the accumulation of energy in the
textile control volume, the second the heat transferred by conduc-
tion, and the third the energy associated with the sorption/desorp-
tion of water between the ﬁbres and the gaseous phase. The textile
effective properties of Eq. (2.2) such as density (qef), speciﬁc heat
(Cpef), and thermal conductivity (kef; [19]) can be expressed by
Eqs. (2.3)–(2.5) (see nomenclature section for details).
qef ¼ ebw  qw þ ec  qc þ eds  qds ð2:3Þ
Cpef ¼
ebw  qw  Cpw þ ec  Cpa  qa þ Cpv  qvð Þ þ eds  qds  Cpds
qef
ð2:4Þ
kef ¼ kc  ec  kc þ 1þ ebw þ eds½   krec  kr þ 1þ ebw þ eds½   kc
 
ð2:5Þ
The thermal conductivity of the solid phase (kr) can be calcu-
lated by,
kr ¼ kw  qw  ebw þ kds  qds  edsqw  ebw þ qds  eds
ð2:6Þ
In the previous equations, typical values of density, speciﬁc
heat, and thermal conductivity of water and ﬁbre (subscripts w
and ds, respectively) can be found in literature [9], while the frac-
tions of ﬁbre, bounded water, and gas depend on textile structure
and on the type of material. For this reason, a procedure was devel-
oped to determine these parameters.
The gas thermal conductivity (kc), gas speciﬁc heat (Cpc), gas
pressure (pc), air partial pressure (pa), water vapour partial pres-
sure (pv), dry air density (qa), and gas density (qc) are described
by Eqs. (2.7)–(2.12).kc ¼ km  qm þ ka  qaqm þ qa
ð2:7Þ
Cpc ¼
Cpa  qa þ Cpv  qv
qc
ð2:8Þ
pa ¼ pc  pv ð2:9Þ
pv ¼
qv  R  T
MH2O
ð2:10Þ
qa ¼
pa Mar
R  T ð2:11Þ
qc ¼ qa þ qv ð2:12Þ
The enthalpy of water desorption from the ﬁbre (Q1; [17]) and
the enthalpy of water vaporisation (Dhvap; [9]) are described by
Eqs. (2.13)–(2.16), respectively (see nomenclature section for
details).
Q1 ¼ 1:95 105  ð1uÞ  ð0:2þuÞ1 þ ð1:05uÞ1
h i
ð2:13Þ
u ¼ pv
psat
ð2:14Þ
psat ¼ 614:3  exp 17:06 
T  273:15
T  40:25
  
ð2:15Þ
Dhvap ¼ 2:792 106  160  T  3:43  T2 ð2:16Þ
The mass desorption rate of water from ﬁbre to the gaseous
phase ( _msv) is given by Eq. (2.17) (see Appendix A), as a function
of the instantaneous and equilibrium regain of the ﬁbre, Regaint
and Regaineq respectively. These are the instantaneous and equilib-
rium values of the ratio between the mass of water retained in the
ﬁbre and the mass of dry ﬁbre [20]. These ratios can be obtained by
Eqs. (2.18) and (2.19) [17],
_msv ¼ 16  Df  eds  qds
d2f
 ½Regaint  Regaineq ð2:17Þ
Regaint ¼
ebw  qw
eds  qds
ð2:18Þ
Regaineq ¼
ebwjeq  qw
eds  qds
¼ 0:578  Regainf ðu¼65%Þ
u  ð0:321þuÞ1 þ ð1:262uÞ1
h i
ð2:19Þ
whereas the ratio between the diffusivity of water in the ﬁbre (Df)
and the square diameter of ﬁbre (d2f ) is a sorption rate factor which
considers the actual ﬁbre/yarn shape and size distribution. This
ratio is usually chosen to ﬁt the experimental data [21].
The continuity equation in the textile is expressed as,
@ ec  qv
 	
@t
þ @
@x
Def  @qv
@x
 
 _msv ¼ 0 ð2:20Þ
where the ﬁrst term of the equation represents the water vapour
accumulation in the pores, the second the vapour diffusion through
the textile, and the third the mass desorption rate of water from the
ﬁbre to the gaseous phase. The effective diffusivity of gas (Def) is
proportional to the ﬁbre fraction and to the diffusivity of water in
air (Da; [17,22]) and is inversely proportional to the textile tortuos-
ity (s).
Def ¼ ec  Das ð2:21Þ
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 1:75
ð2:22Þ
The tortuosity parameter is speciﬁc of each textile, thus, a
methodology was developed to determine it.
The continuity equation of water retained in ﬁbre is described
by Eq. (2.23).
qw
@ebw
@t
þ _msv ¼ 0 ð2:23Þ
To solve the above set of equations describing the coupled heat
and mass transfer through a textile, one needs to determine several
parameters such as textile thickness, fraction of ﬁbre, tortuosity, as
well as parameters required to obtain heat and mass transfer rates,
i.e. the sorption rate factor, and the convective heat and mass
transfer coefﬁcients. For this reason, methodologies and experi-
mental procedures were developed to obtain these parameters,
while taking into consideration the presence of water in the ﬁbres.
This is particularly important because the water retained in ﬁbres,
which depends on their afﬁnity with water, inﬂuences the charac-
teristics of the textile structure (e.g. porosity and tortuosity) and,
hence, the transport rates observed across textiles.3. Experimental approaches and results
This section describes the procedures that were developed to
determine the parameters needed for the modelling/simulation
of the heat and mass transfer across textiles (Section 3.1). Section
3.1.1 describes the experimental procedures developed to deter-
mine the characteristics and transport rates of four different textile
samples. Section 3.1.2 provides details on the data collection for
assessing the accuracy of the experimental approaches and valida-
tion of the resulting heat and mass transfer model. Finally, the
characteristics and transport rates obtained for each of the tested
samples are shown in Section 3.2.3.1. Methodologies and procedures
3.1.1. Textile characteristics and corresponding transport rates
The textile thickness (L) was measured with an apparatus fea-
turing a pressure-foot which exerts a speciﬁc pressure on the tex-
tile [10,14,16]. The measurements were conducted according to
the standard ISO 9073-2: 1995 [23] and applying a constant pres-
sure of 1.1 kPa to the textile.
The fraction of ﬁbre (eds) in a given textile can be considered
constant as long as the textile thickness remains constant and
the ﬁbre is assumed not to shrink or swell [21]. The fractions of
gas (ec) and retained water in ﬁbre (ebw) are functions of the ambi-
ent conditions to which the textile is exposed.
The usual approaches to determine the fraction of ﬁbre neglect
the presence of water retained in textiles [10,11]. Since a deviation
in the measured parameters can compromise the accuracy of
numerical predictions, a new procedure was developed to calculate
the fraction of ﬁbre taking into account the presence of water.
The amount of retained water per mass of dry textile (i.e. the
equilibrium regain – Regaineq) can be estimated using the isotherm
of water sorption in the ﬁbre [20],
Regaineq ¼0:578 Regainf ðu¼65%Þ u  ð0:321þuÞ1þð1:262uÞ1
h i
ð3:1Þ
where Regaineq is function of the relative humidity in the pores (u)
and of the standard equilibrium regain for u = 65% (Regainf(u=65);
[17]), as estimated from literature (see Appendix B). The equilibriumregain (Regaineq) can be related with the fraction of retained water
(ebw) and the fraction of ﬁbre (eds) by,
eds ¼ ebw  qwqds  Regaineq
ð3:2Þ
where the density of water (qw) and the density of the ﬁbre (qds)
can be estimated through values reported in the literature (see
Appendix B). In order to close the problem, a further equation is
needed to relate the several fractions (eds, ebw, and ec) with the tex-
tile effective density (qef),
qef ¼ ebw  qbw þ eds  qds þ ec  qc ð3:3Þ
The textile effective density (qef) was calculated by weighing a
known volume of sample [10,11,13–15], after stabilisation of its
moisture content (by exposure to air environment at 20 C and
65% of humidity, for at least 16 h). Finally, the fraction of ﬁbre
(eds), of retained water (ebw), and of gas (ec) were obtained by solv-
ing Eqs. (2.1), (3.1), (3.2), (3.3).
The tortuosity (s) is, by deﬁnition, directly proportional to the
textile evaporative resistance (Rettextile)
Rettextile ¼ LDef ¼
L
Da  ec  s ð3:4Þ
which can be modiﬁed to
s ¼ Rettextile  Da  ecL ð3:5Þ
The thickness (L) and the fraction of gas (ec) can be obtained by
the procedures described above, and the diffusivity of water
vapour in air (Da) can be determined through Eq. (2.22) [17,22].
The textile evaporative resistance in Eq. (3.5) (Rettextile) can be
obtained by an indirect measurement using a sweating guarded
hotplate, based on the international standard ISO 11092:1993 (E)
[24]. Fig. 1 shows the sketch of experimental apparatus, consisting
of an adjustable platform (1, Fig. 1a) surrounded by a thermal
guard (4, Fig. 1a) and placed within a cavity in a measuring table
(5, Fig. 1a).
Before entering the apparatus, the water is preheated to 35 C.
To evaporate the supplied water, an electrical heating element is
used (3, Fig. 1a), with an incorporated temperature control system
(2, Fig. 1a). Since the plate has pores and is covered by a water-
vapour permeable membrane, only gas passes through the plate.
During the test, the sample is placed over the plate platform (1,
Fig. 1b), whose position is adjustable so that the sample upper sur-
face is coplanar with the measuring table. The surface of the sam-
ple facing the plate is exposed to a saturated current of water
vapour, while the other surface is exposed to a constant air ﬂow
(1 m s1) at 35 C and 40% relative humidity. During the test, the
temperature of the plate is monitored and kept constant by auto-
matic adjustments of the heating provided by the equipment.
The test ends when all monitored variables reach steady-state.
Before and between measurements, the textiles samples are stabi-
lised in temperature and moisture content, in a climatic chamber
at 35 C and 40% humidity.
At steady-state, the transport rate of water vapour through the
textile ( _m) is proportional to the difference of water vapour con-
centrations between the plate (Cplate) and the ambient (Camb),
_m ¼ Cplate  Camb
Rettotal
ð3:6Þ
where Rettotal is the total evaporative resistance, i.e. the sum of the
textile evaporative resistance (Rettextile) and the convective evapora-
tive resistance (Ret0).
Rettotal ¼ Rettextile þ Ret0 ð3:7Þ
Fig. 1. Experimental set-up to determine the convective (a) and textile (b) evaporative resistances [legend: (1) porous plate with a water-vapour permeable membrane, (2)
temperature sensor, (3) heating element, (4) thermal guard, (5) measuring table, and (6) textile sample].
Table 1
Summary of the approaches and equations used to calculate the parameters required
in the numerical simulations.
Parameter Symbol Approach Equations
Thickness L [23] –
Textile effective density qef [10,11,13–15] –
Fibre volume fraction eds – (3.1)–(3.3)
Tortuosity s [24] 3.5, 3.7, 3.11
Mass transfer coefﬁcient hm [24] (3.13)
Heat transfer coefﬁcient hc – (3.14)
Sorption rate factor Df=d
2
f
[21] –
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tions (35 C), the steady-state heat ﬂux required to maintain a con-
stant temperature of the plate( _q) is directly proportional to the
transport rate of water vapour through the textile ( _m), which
equals the rate of water evaporation,
_q ¼ _m  Dhvap ð3:8Þ
where Dhvap is the water vaporisation enthalpy. Therefore, to deter-
mine the total evaporative resistance (Rettotal), Eq. (3.8) can be
rewritten taking into consideration the ideal gas law and the deﬁni-
tion of the water vapour transport rate (Eq. (3.6)), as follows,
_q ¼ Cplate  Camb
 	
Rettotal
 Dhvap
¼ 1
Rettotal
 Dhvap  MH2OR  T  pv; plate  pv;amb
 	  ð3:9Þ
which can be modiﬁed to
Rettotal ¼ Dhvap  MH2OR  T
 
 pv; plate  pv;amb
 	  1
_q
ð3:10Þ
where pv,plate is the partial pressure of water vapour at the surface of
the plate (assumed equal to the saturation pressure), pv,amb is the
partial pressure of water vapour in the test environment (controlled
during the test), T the ambient temperature (35 C), R the gas con-
stant, and MH2O the molar mass of water. The total evaporative
resistance obtained according to the international standard ISO
11092:1993 (RetISOtotal; [24]), is, by deﬁnition,
RetISOtotal ¼
pv; plate  pv;amb
 	
_q
ð3:11Þ
Thus, by substituting _q in Eq. (3.10) according to Eq. (3.11), one
obtains an expression to calculate the total evaporative resistance
(Rettotal), based on the values obtained experimentally (Ret
ISO
total), as
follows,
Rettotal ¼ Dhvap  MH2OR  T
 
 RetISOtotal ð3:12Þ
Finally, to calculate the tortuosity of the textile (Eq. (3.5)) it is
necessary to relate the total evaporative resistance (Rettotal) with
the evaporative resistance of the textile (Rettextile). As shown in
Eq. (3.7), this requires the deﬁnition of the convective (to the ambi-
ent) evaporative resistance (Ret0). To determine Ret0, the experi-
ment described before was repeated [24] without a sample
(Fig. 1a), in order to measure, in the steady-state, the heat ﬂux
required ( _q0) to maintain the plate surface at constant tempera-ture. As for the total evaporative resistance (Rettotal), the convective
evaporative resistance obtained experimentally (RetISO0 ) was used
to determine the convective evaporative resistance (Ret0) which
is used in Eq. (3.7). The tortuosity was then obtained by solving
Eq. (3.5).
The methodologies and procedures described before allowed
the determination of textile characteristics. However, numerical
analyses also require knowledge about the boundary conditions
which deﬁne the problem, in this case the convective mass and
heat transfer coefﬁcients.
The convective mass transfer coefﬁcient (hm) can be calcu-
lated as,
hm ¼ 1Ret0 ð3:13Þ
where Ret0 is the convective evaporative resistance [24].
The convective heat transfer coefﬁcient (hc) can be obtained
using the Lewis equation (Eq. (3.14)), where, for the particular case
of mixtures of water vapour in air, the Lewis number (Le) takes the
value of 1 [25].
hc
hm
¼ qa  Cpa  L2=3e ð3:14Þ
Table 1 summarises the set of approaches and equations used to
obtain the characteristics (L, qef, eds, and s) of four distinct samples
and also the parameters needed to obtain the corresponding heat
and mass transfer rates (hm, hc, and Df=d
2
f ).
3.1.2. Data collection for assessment of the experimental approaches’
accuracy and validation of the resulting transfer model
The temperature and humidity in the middle of the samples
were monitored during the evaporative resistance tests [24]
described in the previous section. One temperature/humidity
Table 2
Description and parameters of the four samples analysed (5 independent measurements for L and qef; 3 independent measurements for eds, and s; 95% conﬁdence interval).
Sample Composition Description L [mm] qef [kg m3] eds [–] s [-]
I 100% wool – 8.57 ± 0.18 103.6 ± 2.1 0.069 ± 0.001 1.18 ± 0.09
II 100% cotton – 0.74 ± 0.05 350.6 ± 24.4 0.211 ± 0.015 2.48 ± 0.28
III 100% cotton Wrinkled surface 3.63 ± 0.15 201.1 ± 8.3 0.130 ± 0.005 1.32 ± 0.08
IV Layer 1 – 100% cotton Layer 2 – 80% wool 20% polyamide Sample with 2 different type of layers 6.00 ± 0.09 165.0 ± 2.5 0.116 ± 0.002 1.24 ± 0.07
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0.1% in temperature and humidity, respectively) was placed sand-
wiched between the two layers of each sample, at the geometrical
centre. This allowed collecting temperature and humidity histories
during the tests, for direct comparison with the numerical predic-
tions obtained with the implemented transfer model. Details on
this comparison are given in Section 4.2.
3.2. Experimental results
The parameters obtained for four different samples are shown
in Table 2.
From the four tested samples, three were made of pure ﬁbre
(cotton or wool) while the fourth is a mixture of materials. For that
reason, the properties of sample IV (qef, eds, and s) were deﬁned
based on a weighted average of the properties of the materials in
higher proportion (wool and cotton; Table 3). The several textiles
parameters shown in Table 2 are in good agreement with the
results reported by other authors [1,9,12,26–28].
The experimental convective mass transfer coefﬁcient is
0.01 m s1 and it was obtained assuming a ﬂat textile surface
(equivalent to the plate apparatus surface [24]; Fig. 1a). The con-
vective heat transfer coefﬁcient was calculated using Eq. (3.14),
based on the obtained experimental convective mass transfer
coefﬁcient.
4. Numerical simulation of heat and mass transfer through
textiles
The parameters obtained through the experimental procedures
described in Section 3.1.1 were used as input to model the heat and
mass transfer across the tested samples. After implementation
(Section 4.1), the model was used to simulate numerically the con-
ditions of the evaporative tests [24], in order to obtain numerical
predictions of temperature and humidity, in the middle of the sam-
ples. In Section 4.2, these numerical predictions are directly com-
pared with the experimental data of temperature and humidity
collected during the evaporative tests [24], in order to assess the
experimental procedures’ accuracy and validate the implemented
transfer model. In Section 4.3, the model is used to conduct a sen-
sitivity analysis of the inﬂuence of several parameters on the heat
and mass transport rates across the samples.
4.1. Modelling assumptions, approach and boundary conditions
A ﬁnite element approach was used to solve the governing
equations expressing energy conservation (Eq. (2.2)), mass transfer
in the textile (Eq. (2.20)), and water retention in the ﬁbre (Eq.
(2.23)). For the purpose, a second order discretization scheme, a
time-step of 0.01 s and a maximum number of mesh elements of
1200 (found adequate to ensure grid-independent results) were
used. The 1D model considers a surface exposed to a saturated cur-
rent of water vapour (surface facing the plate; Fig. 1b) while the
other surface is exposed to a constant air ﬂow (1 m s1), at 35 C
and 40% of relative humidity (surface facing the air ﬂow; Fig. 1b).
This implies the use of a Dirichlet boundary condition for heatand mass transfer, at the surface facing the plate (i.e. constant plate
temperature and relative humidity, Table 3) and a Newman bound-
ary condition at the surface exposed to the air ﬂow (i.e. convective
coefﬁcients). For initial conditions, it was assumed that the textile
is uniform in temperature and humidity and it is in equilibrium
with the humidity recorded at the beginning of the experiments
(Table 3). At each time step, the temperature along the textile is
calculated by Eq. (2.2) while the fractions of gas and bounded
water are evaluated by Eqs. (2.20) and (2.23), respectively. The
mass desorption rate of water from ﬁbre to the gaseous phase is
calculated by Eq. (2.17). The properties of the textile samples,
water, and air used in the numerical simulations are shown in
Table 3.
4.2. Model validation
Fig. 2 shows the evolution over time of the numerical and
experimental temperature and humidity at the middle of the sam-
ple, for the four textiles samples considered in the study (Table 2).
Both numerical and experimental temperature proﬁles over
time shown in Fig. 2a, c, e, and g exhibit a signiﬁcant increase of
temperature during the ﬁrst minutes. When the sample is exposed
to the saturated current of water vapour, a portion of the vapour
condensates and is sorbed by ﬁbres, which results in the release
of energy and the corresponding temperature increase. In line with
this, the most hygroscopic sample (sample I, Fig. 2a), shows the
highest increase of temperature, with a peak temperature of
38.7 C (i.e. 5 C above the sample initial temperature).
The comparison of the numerical and experimental tempera-
ture proﬁles shows that the maximum deviation occurs for sample
I, in the steady-state (Fig. 2a), where the temperature prediction is
2 C higher than the experimental value. The numerical and exper-
imental humidity proﬁles also show interesting agreement and
consistent evolution over time (despite bigger deviations at the ini-
tial instants of the test, when higher variations of water vapour
partial pressure and saturation vapour pressure are expected).
These results indicate that the methods and approaches developed
to characterise textiles while taking into account the presence of
water in their structure, are representative and accurate. These
results also show that the model predicts well temperature and
humidity changes over time, and so, it can be used to study heat
and mass transfer across textiles.
Using the developed model, the inﬂuence of a deviation in the
measured parameters on the heat and mass transfer rates through
textiles was analysed systematically. The main results of this anal-
ysis are discussed in the following section.
4.3. Inﬂuence of the methodology adopted to obtain textiles
parameters and convective coefﬁcients
Numerical analysis allows the study of several problems related
with moisture accumulation within apparels, e.g. chilling discom-
fort in sportswear [5] or the inﬂuence of moisture in the thermal
performance of ﬁre-ﬁghter’s protective garments [3]. This is rele-
vant because it provides information that is critically important
for the optimisation of apparel features and structure, which,
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Fig. 2. Experimental and numerical data obtained in between the textile layers of sample I (a and b), sample II (c and d), sample III (e and f), and sample IV (g and h; Table 2);
temperature (a, c, e and g) and humidity (b, d, f and h) as function of time (2 independent measurements for sample I and II; 3 independent measurements for sample III and
IV; 95% conﬁdence interval).
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accuracy of the numerical predictions depends on the precision
of textiles parameters used to model the heat and mass transfer
phenomena. For that reason, a sensitivity analysis was carried
out on the inﬂuence of the experimentally-determined parameters,
and of assumptions regarding water presence in the ﬁbres, on the
numerical predictions of heat and mass transport across textiles.
This allowed analysing the consequence of neglecting some of
the often-overlooked effects, such as sorption of water vapour inﬁbres and the resulting change in the structure of the textile por-
ous network. New simulations were done for the most hydrophilic
sample (sample I, Table 2), considering the approaches summa-
rised in Table 1, the parameters of Table 3, and a deviation of
20% in the experimental values of several speciﬁc parameters.
The parameters considered in this study were thickness, weight,
total evaporative resistance, convective evaporative resistance,
and sorption rate factor. For every analysis, only one parameter
was assumed to change (by 20%) relative to what had been
Fig. 3. Numerical prediction of heat ﬂux and fraction of bounded water at the boundary facing the plate, as function of time, for the parameters deﬁned in Table 3, considering
deviation as follows: (a) including/discarding retained water in calculation of ﬁbre fraction, (b) with/without underestimation of textile mass; (c) with/without
underestimation of textile thickness; (d) with/without underestimation of textile total evaporative resistance; (e) with/without underestimation of convective evaporative
resistance; and (f) with/without underestimation of sorption rate factor.
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maintain the measured values. Furthermore, it was also assessed
the effect of neglecting the water retained in the ﬁbres in the deter-
mination of the textile ﬁbre fraction (Fig. 1a).
To enable the interpretation of the results in the context of the
effect of apparel on the heat and mass transport from the body,
focus was put on the textile boundary facing the plate (Fig. 1b),
which can be assumed to represent the skin of a body protected
by clothing. Particular attention was given to two parameters that
are relevant for the perception of thermal comfort of a clothing
user, namely the rate of heat transfer observed at the skin and
the amount of water existing near the skin. In Fig. 3, these param-
eters are represented by the heat ﬂux and fraction of bounded
water observed at the textile boundary facing the plate (Fig. 1b).
As shown in Fig. 3a, the assumption regarding the existence/
absence of water in the determination of ﬁbre fraction clearly
inﬂuences the obtained steady-state values. When considering
water retention, a ﬁbre fraction of 0.069 is obtained, whereas if
water is discarded, a value of 0.079 is obtained. This higher valueleads to a lower gas fraction and consequently to a higher textile
evaporative resistance. Thus, longer times are needed for heat ﬂux
and fraction of bounded water to reach equilibrium resulting, for
instances, in a 11% difference in the plate heat ﬂux after 30 min,
and a 14% difference in the steady-state values of bounded water
fraction (Fig. 3a).
The 20% underestimation of textile mass has also a considerable
effect on the results of heat ﬂux and fraction of bounded water over
time (Fig. 3b). As shown in Fig. 3b, after 30 min, deviations of 19%
and 14% are observed for heat ﬂux and bounded water fraction,
respectively. At the steady-state, the fraction of bounded water is
underestimated by 20% (Fig. 3b).
Fig. 3c shows that a deviation in the textile thickness has a sig-
niﬁcant inﬂuence in the plate heat ﬂux during the initial period of
the experiment. After 2 min, the deviation is about 28%, but after
10 and 30 min the deviation reduces to 17% and 3%, respectively.
As shown in Fig. 3c, the fraction of bounded water is overestimated
by 25% at the steady-state. The 20% underestimation of the textile
thickness leads to a 25% higher value of the textile density and
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Fig. 4. Fraction of bounded water in ﬁbres along the dimensionless thickness of textile, at different times.
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Section 3.1).
The deviations in the total evaporative resistance (Fig. 3d), con-
vective evaporative resistance (Fig. 3e), and sorption rate factor
(Fig. 3f) have a great inﬂuence on the plate heat ﬂux and bounded
water fraction at the initial period of the tests. However, the above
deviations do not affect the volume fractions of the textile, and for
that reason, the fraction of bounded water in the steady-state is the
same for all the cases (Fig. 3d, e, and f).
Fig. 4 shows the distribution of bounded water along the
dimensionless thickness of the textile, for different times and val-
ues of the parameters under analysis.
In Fig. 4, the numerical predictions of bounded water fractions
obtained assuming a 20% deviation in the sorption rate factor or
in the total and convective evaporative resistances, are very similar
and thus, practically overlapped. Signiﬁcant deviations occur when
liquid water retained in ﬁbres is neglected and also when the
thickness and the mass of textile are underestimated. As shown
in Fig. 4a, at the beginning, if the thickness is underestimated,
the fraction of bounded water deviates 25% from the values
obtained with the experimental parameters, whereas neglecting
the retained water in the calculation of the ﬁbre fraction affects
the bounded water fraction by 15%. Over time, the resulting devi-
ation of discarding the retained water in the calculation of ﬁbrefraction diminishes, since the value of the bounded water fraction
increases and, consequently, the relative deviation decreases.
However, at the steady-state it is still higher than 10% (Fig. 4e).
When considering an underestimated mass of textile, the fraction
of retained water is underestimated, resulting, at the beginning
of the test (Fig. 4a) and at the steady-state (Fig. 4e), in a maximum
deviation of 20%. From Fig. 4e, one concludes that, at steady-state,
the parameter whose underestimation results in the least accurate
predictions is the textile mass.
Either neglecting the retained water in the determination of
textile fractions, or underestimating textile thickness, leads to an
overestimation of the amount of bounded water. Otherwise, if a
lower value of textile mass is used, the water accumulated in the
textile is underestimated. A deviation in one of the latter three
parameters affects the water distribution along the textile since
they are used to determine the ﬁbre fraction (see Section 3.1).5. Conclusions
Methodologies and experimental procedures were developed to
determine parameters required in numerical studies of heat and
mass transfer through textiles, using techniques based on
equipments usually available in textile/clothing laboratories (e.g.
Table 3
Air, water, samples properties, and initial and boundary conditions deﬁned in numerical simulations.
Sample Parameter Unit Value Source
I–IV Cpv J kg1 K1 1862 Ref. [29]
Cpw J kg1 K1 4190 Ref. [29]
Cpa J kg1 K1 1003 Ref. [29]
qw kg m3 1000 Ref. [29]
kw W K1 m1 0.60 Ref. [29]
ka W K1 m1 2.56  102 Ref. [29]
kv W K1 m1 2.46  102 Ref. [29]
R J K1 mol1 8.314 Ref. [29]
MH2O kg mol1 18.02  103 Ref. [29]
Ma kg mol1 28.97  103 Ref. [29]
patm Pa 101,325 Ref. [29]
qa (35 C) kg m3 1161  103 Ref. [29]
ua – 0.40 Experimental
uplate – 1.00 Experimental
Tplate K 308.15 Experimental
I kwool W K1 m1 0.20 Ref. [9]
Cpwool J kg1 K1 1360 Ref. [9]
qwool kg m3 1300 Ref. [9]
Regainf  wool – 0.15 Ref. [9]
Df/df2 wool s1 4.88  104 Fit
Lwool m 8.57  103 Experimental
eds wool – 0.069 Eqs. (3.1)–(3.3)
swool – 1.18 Eq. (3.5)
T0wool K 306.85 Experimental
u0wool – 0.35 Experimental
II and III kcotton W K1 m1 0.16 Ref. [9]
Cpcotton J kg1 K1 1210 Ref. [9]
qcotton kg m3 1550 Ref. [9]
Regainf  cotton – 0.07 Ref. [9]
II Df/df2 cotton s1 1.13  103 Fit
Lcotton m 0.74  103 Experimental
eds cotton – 0.215 Eqs. (3.1)–(3.3)
scotton – 2.46 Eq. (3.5)
T0cotton K 304.55 Experimental
u0cotton – 0.30 Experimental
III Df/df2 cotton s1 2.12  104 Fit
Lcotton m 3.63  103 Experimental
eds cotton – 0.130 Eqs. (3.1)–(3.3)
scotton – 1.32 Eq. (3.5)
T0cotton K 304.95 Experimental
u0cotton – 0.34 Experimental
IV kwool+cotton W K1 m1 0.18 Weighted average, Ref. [9]
Cpwool+cotton J kg1 K1 1285 Weighted average, Ref. [9]
qwool+cotton kg m3 1425 Weighted average, Ref. [9]
Regainf  wool+cotton – 0.11 Weighted average, Ref. [9]
Df/df2 wool+cotton s1 9.35  105 Fit
Lwool+cotton m 6.00  103 Experimental
edswool+cotton – 0.116 Eqs. (3.1)–(3.3)
swool+cotton – 1.24 Eq. (3.5)
T0wool+cotton K 306.75 Experimental
u0wool+cotton – 0.36 Experimental
S.F. Neves et al. / International Journal of Heat and Mass Transfer 81 (2015) 272–282 281sweating guarded-hotplate). The developed methodologies and
approaches allow to take into account the presence of water in
the ﬁbres, and thus, to increase the accuracy of measurements of
textile characteristics and corresponding transport properties.
Numerical analyses were carried out to assess the accuracy of
the developed methods, for four distinct textile samples. The com-
parison of numerical and experimental data of temperature and
humidity, observed in the samples during transient exposures,
indicated that the developed methods and approaches are accurate
and representative.
A sensitivity analysis was carried out on the inﬂuence of several
parameters and of assumptions regarding water presence in ﬁbres,
on the numerical predictions of heat and mass transport rates
observed across textiles. The obtained results show that deviations
in textile weight and thickness, as well as the assumption of no
water retention in ﬁbres, have a signiﬁcant effect on the heat trans-fer and water distribution observed over time. Furthermore, devi-
ations in the total evaporative resistance, convective evaporative
resistance, and sorption rate factor have a great inﬂuence on the
heat transferred through textile, in the initial period of test.
These results stress the importance of considering water pres-
ence during textile characterisation activities, as this may impact
directly the prediction capacity of heat and mass transfer models.
The methodologies and experimental approaches described in this
work provide a way to achieve that. This is relevant to allow accu-
rate predictions of apparel thermal performance, which is critically
important in optimisation activities (e.g. of protective clothing or
sports apparel).
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Appendix A
A.1. Mass rate desorption of water from ﬁbre to the gaseous phase, _msv
The mass desorption rate of water from ﬁbre to the gaseous
phase ( _msv) can be obtained by performing a mass balance to the
ﬁbre (Eq. (A.1); [1]), assuming that the water is transferred by dif-
fusion along ﬁbre radius, and that the ﬁbre radius is signiﬁcantly
smaller than the ﬁbre length.
1
r
d
dr
r  ðDfÞdCfdr
 
þ _msv ¼ 0 ðA:1Þ
In Eq. (A.1), r is the ﬁbre radius, Df the water diffusivity in the
ﬁbre, and Cf the water concentration in the ﬁbre. By integrating
the above equation taking the following boundary conditions
dCf
dr





r¼0
¼ 0; Cf jr¼Rfibre ¼ Cf ; and Cf jr¼0 ¼ Cf eq;
one obtains,
_msv ¼ 4  Df
R2fibre
 Cf  Cfeq
 	 ðA:2Þ
In the above equation, the water concentration (Cf) can be
expressed as,
Cf ¼ ebw  qw ðA:3Þ
where ebw is the fraction of bounded water and qw is the water den-
sity. However, considering the deﬁnition of ﬁbre regain (Eq. (2.18)),
it follows,
Cf ¼ ebw  qw ) Cf ¼ Regaint  eds  qds ðA:4Þ
where eds is the fraction of ﬁbre and qds is the ﬁbre density.
Thus, Eq. (A.2) can be rewritten as considered in the numerical
model (Eq. (2.17)),
_msv ¼ 16  Df  eds  qds
d2f
 Regaint  Regaineq
 	 ðA:5ÞAppendix B. Parameters deﬁned in the numerical model
See Table 3.
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